The X-linked lethal Ogden syndrome was the first reported human genetic disorder associated with a mutation in an N-terminal acetyltransferase (NAT) gene. The affected males harbor an Ser37Pro (S37P) mutation in the gene encoding Naa10, the catalytic subunit of NatA, the major human NAT involved in the co-translational acetylation of proteins. Structural models and molecular dynamics simulations of the human NatA and its S37P mutant highlight differences in regions involved in catalysis and at the interface between Naa10 and the auxiliary subunit hNaa15. Biochemical data further demonstrate a reduced catalytic capacity and an impaired interaction between hNaa10 S37P and Naa15 as well as Naa50 (NatE), another interactor of the NatA complex. N-Terminal acetylome analyses revealed a decreased acetylation of a subset of NatA and NatE substrates in Ogden syndrome cells, supporting the genetic findings and our hypothesis regarding reduced Nt-acetylation of a subset of NatA/NatEtype substrates as one etiology for Ogden syndrome. Furthermore, Ogden syndrome fibroblasts display abnormal cell migration † These authors contributed equally to this work. Molecular Genetics, 2015, Vol. 24, No. 7 1956-1976 and proliferation capacity, possibly linked to a perturbed retinoblastoma pathway. N-Terminal acetylation clearly plays a role in Ogden syndrome, thus revealing the in vivo importance of N-terminal acetylation in human physiology and disease.
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Introduction
Protein acetylation is one of the most common protein modifications occurring both on lysine side chains in proteins and at protein N termini (1) . Nt-acetylation is mainly co-translational and presumed to be an irreversible covalent modification catalyzed by the ribosome associated N-terminal acetyltransferases (NATs), members of the Gcn5-related N-acetyltransferase superfamily of acetyltransferases (2) . NATs transfer an acetyl moiety from acetyl coenzyme A (Ac-CoA) to the primary α-amino group of nascent polypeptides as they emerge from ribosomes, and proteomic analyses have revealed that 50-90% of yeast, plant, fruit fly and human proteins are Nt-acetylated (1, (3) (4) (5) .
Originally, Nt-acetylation was assumed to protect proteins from degradation (6) . However, current findings link Nt-acetylation to degradation of some proteins, via Ac/N-degron-mediated recruitment of specific ubiquitin ligases (7, 8) . Nt-acetylation may also influence protein complex formation, as exemplified by the NEDD8 ligation enzymes (9) , next to prion formation (10) . Also, protein-specific targeting to membranes of the nucleus (11) , Golgi (12, 13) and lysosomes (14) was shown to require Nt-acetylation, but a general role in targeting is not supported (15) . Some proteins destined for translocation through the endoplasmic reticulum are Nt-free, suggesting that Nt-acetylation of this pool of proteins inhibits translocation (16) .
To date, six NATs (NatA-NatF) have been identified in higher eukaryotes and their substrate specificities have been characterized (2, 17) . Each NAT acetylates defined subsets of substrates mainly based on the identity of the first two amino acid residues of the nascent polypeptide (2), although there is some potential redundancy in the system with some NATs acetylating the same type of substrates. NatA, the major eukaryotic NAT in terms of targeted substrates, displays a broad substrate specificity profile by Nt-acetylating Ser-, Thr-, Ala-, Val-, Gly-and Cysstarting N termini of which the initiator methionine (iMet) was removed by the action of methionine aminopeptidase (1, 18, 19) . The NatA complex is composed of the catalytic subunit, Naa10 (ARD1) and the auxiliary subunit Naa15 (NAT1/NATH) (19) (20) (21) , which anchors Naa10 to the ribosome and modulates its catalytic activity (22, 23) . Furthermore, the catalytic subunit Naa50 (NAT5) defined as NatE (22, 24) and in multicellular eukaryotes, the Huntingtin-interacting protein K (25) are physically associated with the NatA complex, but whether Naa50 exerts activity in vivo in a monomeric form or whether the active form of Naa50 is entirely dependent on its association with NatA (26-28) is still not known. Recently, the structures of the first eukaryotic NATs, human Naa50 and the Schizosaccharomyces pombe Naa10-Naa15 (NatA) complex, were elucidated by X-ray crystallography (23, 29) . These structures reveal the molecular mechanism and the key residues involved in substrate-specific Nt-acetylation. Besides cotranslational Nt-acetylation by the NatA complex, it has been shown in vitro that monomeric Naa10 also displays posttranslational Nt-acetylation (28) and in vitro and in vivo (co-and/or posttranslational) Nt-propionylation activity (30) .
NatA function is not essential in yeast, but Saccharomyces cerevisiae naa10Δ and naa15Δ strains show defects in mating, sporulation, entry into stationary phase and temperature, salt and drug sensitivity (1, 19, 31) . Loss of the Drosophila melanogaster Naa10 homolog results in lethality (32) as does loss of the corresponding homologs in Trypanosoma brucei (33) and Caenorhabditis elegans (34) . Further, deregulated human Naa10 or NatA expression is linked to tumor development or progression, and depletion of NatA subunits from cancer cells induces cell cycle arrest or apoptosis (35) .
In 2011, the first human genetic disorder, named Ogden syndrome, involving an Ser37Pro (S37P) mutation in hNaa10 was revealed (OMIM 300013) (36) . This X-linked disorder is characterized by severe global developmental delays, comprising a unique combination of craniofacial anomalies, hypotonia, cardiac arrhythmia and eventual cardiomyopathy, resulting in mortality during infancy. Recently, the S37P mutant was shown to display reduced catalytic activity and a reduced ability to form a NatA complex when co-expressed with hNaa15 in yeast (37) . A recent study also suggested the association of de novo putative frameshift mutations in hNAA15 with congenital heart defects, consistent with the range of minor cardiac anomalies seen in Ogden syndrome (38) . An hNAA10 mutation resulting in expression of a truncated Naa10 protein was found in a single family with Lenz microphthalmia syndrome, however, showing very little overlap with the Ogden syndrome phenotype (39) . Further, de novo missense mutations in hNAA10 were identified and suggested to be involved in two unrelated individuals with global developmental delays (40) .
We hypothesize that the hemizygous hypomorphic mutation in male infants with Ogden syndrome leads to decreased Nt-acetylation of key substrates important for the control and regulation of physiological processes dysregulated in Ogden syndrome. Here, we present the first evidence showing that impaired NatA-S37P complex formation and catalytic capacity of the human proteins leads to reduced in vivo Nt-acetylation of a subset of proteins in cells from an Ogden syndrome family.
Results
The hNaa10-S37P mutation affects the structure and dynamics of a human NatA structural model
In order to investigate the structural effects of the Ogden syndrome hNaa10-S37P mutation, we generated and simulated structural models of both the wild-type human NatA complex and the S37P mutant. Homology models were built based on the recently determined crystal structure of the NatA complex from S. pombe (23) . As calculated by BLAST, the human and S. pombe Naa15 sequences share 39% identity and 57% similarity, and the human and S. pombe Naa10 sequences share 66% identity and 81% similarity (Supplementary Material, Fig. S1 ). Further, both mutant and WT NatA models complexed with Ac-CoA were each subjected to two independent 100 ns-long molecular dynamics (MD) simulations (Supplementary Material, Fig. S2 ). The resulting model of the WT complex is shown in Figure 1A -C. We observed that the S37P mutation shortens helix α2 of hNaa10 (Fig. 1D) .
Similarly to what has been observed in the S. pombe complex (23) , interactions between subunits of the human complex involve numerous hydrophobic contacts via helices α1 and α2 of hNaa10 and helices 25, 27, 28, 29 and 30 of hNaa15 (Fig. 1C) . Free energy decomposition analysis using the molecular mechanics (MM)/Poisson Boltzman surface area (PBSA) scheme shows that these amino acids contribute significantly to the free energy of binding, but are not affected by the S37P mutation (Supplementary Material, Fig. S3 ). The complex is also stabilized by three hydrogen-bonding networks represented in Figure 1B . Amino acids involved in the three hydrogen bond networks at the hNaa10-hNaa15 interface are shown as sticks in orange, yellow and pink, respectively. In both simulations, the mutation affects subtly but systematically two of these networks yielding a slight overall weakening of the interfacial hydrogen-bonding network (Supplementary Material, Table S1 ).
Comparison of the atomic fluctuations reveals differences in the flexibility of hNaa10-WT and S37P; the atomic fluctuations of helix α1 and loop α1-α2 decrease as a consequence of the S37P mutation of hNaa10 and this is observed in both MD replicates ( Fig. 1D; Supplementary Material, Fig. S4 ).
Interestingly, this region lining the substrate-binding site is also involved in the hNaa10-hNaa15 interface. Amino acid Glu24 earlier identified as important for both catalytic activity and substrate binding (23) also mediates hydrogen bonding Figure 1 . 3D structural models of the human WT and S37P Naa10-Naa15 complex. (A) WT NatA complex containing Naa15 (brown cartoons) and Naa10 (cyan cartoons) after 100 ns MD simulations. Only helices involved in the most relevant interactions between Naa15 and Naa10 are labeled. A black arrow indicates the mutation point, serine 37. (B) Amino acids involved in the three hydrogen bond networks at the Naa10-Naa15 interface: The first network (shown in orange) involves basic residues of Naa10 from the β4-α4 loop (Arg79 and Arg82) and amino acids from helix α23 and loop α24-α25 from Naa15 (Glu409, Asp438 and Asp441). The second network (shown in yellow) is constituted by acidic residues of the β2-β3 loop of Naa10 (Asp47 and Glu48) and amino acids of the α17 and α19 helices (Arg330 and Arg295) from Naa15.
The third network (shown in pink) involves Glu24 and Asp140 from Naa10, two acidic residues located in the loops bordering the substrate-binding site, and Arg470 in the α26-α27 loop of Naa15. Ac-CoA is docked in the Naa10 subunit (sticks in CPK color). Note that the position of the side chain of Glu24 is highly mobile, yet it interacts with Arg470 via hydrogen bonds with occupancy of 0.9 during the simulation (Supplemental Material, Table S1 ). For the sake of overall clarity, we chose a snapshot where Glu24 does not interact with Arg470 (C). Amino acids that make hydrophobic contacts at the Naa10-Naa15 interface are shown as blue sticks. Interactions between Naa10 and Naa15 involve numerous hydrophobic contacts via helix α1 (Pro8, Met12, Leu19, Leu 20 and Pro23) and helix α2 (Met28, Phe32, Tyr33 and Leu36) of the Naa10 subunit and helices 25, 27, 28, 29 and 30 (Phe443, Met482, Trp486, Phe525, Tyr528 and Leu544) of the Naa15 subunit. (D) Superimposition of WT (cyan) and S37P (grey) Naa10. The S37P mutation shortens the α2 helix and modifies the protein flexibility in the two regions highlighted in orange (from N13 to E24 and E48 to E49).
with Arg470 of hNaa15 in the WT complex. In addition, in the mutant, we observe an increase of the flexibility of the β2-β3 loop, which carries Glu48, itself involved in hydrogen bonds with hNaa15. These alterations of the flexibility are also observed in independent 20 ns-long simulations of uncomplexed hNaa10-S37P. Moreover, we earlier reported correlations between the dynamics of the α2 helix and the peptide substrate-binding site of the structurally related hNaa50 (41) .
Taken together, the predicted perturbations of the hNaa10-hNaa15 interactions and changes in the flexibility of key regions for substrate binding may result in impaired Nt-acetyltransferase activity and complex stability of human NatA-S37P.
hNaa10-S37P has impaired peptide substrate binding and reduced in vitro catalytic activity
In order to study if hNaa10-S37P displays a reduced catalytic activity, we assayed hNaa10-WT and hNaa10-S37P by a quantitative in vitro acetylation assay using three different Naa10 oligopeptide substrates represented by the N termini of classical in vivo human NatA substrates; SMCA4 (STPD-), the RNaseP protein p30 (AVFA-) (1) and γ-actin (EEEI-), the latter representative of a very efficient substrate in vitro and a likely posttranslational target of monomeric hNaa10 in vivo (28) . The in vitro acetylation screen showed a 20-75% reduction in product formation for hNaa10-S37P dependent on the N-terminal sequence of the substrate oligopeptides tested ( Fig. 2A) . Further, the K m , k cat and specificity constants of the two enzymes were determined, both for the substrate oligopeptides and for Ac-CoA, to directly compare the catalytic efficiency of hNaa10-WT and hNaa10-S37P and their specificity for different substrates. The specificity constant k cat /K m of hNaa10-S37P was calculated to be 4-, 3.5-and 2-fold lower for the substrates EEEI, STPD and Ac-CoA, respectively, compared with hNaa10-WT ( Fig. 2; Supplementary Material,  Fig. S5 ). The mutant hNaa10 showed a ∼2-fold increase in K m for the substrate oligopeptides EEEI and STPD, while no difference was observed for the K m of Ac-CoA. Taken together, these data suggest that the S37P mutation reduces the intrinsic catalytic activity of hNaa10, likely due to altered peptide substrate binding or release, while Ac-CoA binding remains unaffected.
X-chromosome skewing supports the role of NAA10 in Ogden syndrome
Female mammals compensate dosage differences of X-chromosomal gene products by transcriptional silencing of one of the two X-chromosomes. This process, called X-chromosome inactivation (XCI), occurs during early development and is transmitted through subsequent mitosis (42) . Although early studies suggest that the choice for which X-chromosome is inactivated is random (43) , later studies on female carriers of specific X-linked mutations showed skewed patterns of XCI resulting from negative selection of cells harboring the lethal allele in the active state (44) . Furthermore, X-chromosome skewing is a common feature of tumorigenic processes in which an acquired somatic mutation occurs in a single progenitor cell that subsequently undergoes clonal expansion and gives rise to progeny with the same XCI pattern (44, 45) .
Therefore, we analyzed Ogden carrier women for their XCI pattern. First, a classical assay using the androgen receptor was used to determine the inactivation pattern in B cells from the Utah family (Fig. 3A) . As shown in Figure 3B , the two female non-carriers show X-inactivation that is within the normal range, while all carriers have significant skewing. Three of the four carriers are nearly completely skewed; while the fourth (II-2) is less skewed (∼90%), although interpretation of this sample is complicated by alleles that are close in size (resulting in interference from stutter peaks). To assess the inactivated NAA10 allele directly, a customized assay was performed. Supplementary Material, Figure S6B shows a representative result (for carrier woman II2). In all carrier women analyzed, the affected allele was found to be skewed toward the wild-type allele. These results support the hypothesis that cells expressing only the mutant NAA10 allele might be counterselected for (at least B-cells) due to their decreased fitness or production rate.
Unaffected hNaa10 protein levels and subcellular localization in B cells and fibroblasts from Ogden males
To determine whether the hNaa10-S37P mutant had an impact on NatA subunit steady-state protein levels, protein profiles of EBV-immortalized B-cells were established and investigated for 11 members of the Ogden syndrome family including two males carrying the mutation and four female heterozygous carriers (Fig. 3A) . Western blotting with specific NAT-antibodies demonstrated only minor mutation-correlated alterations in the steady-state protein levels of hNaa10 itself, the auxiliary subunit hNaa15 (21) or the physically associated hNaa50 (24) (Fig. 3C) . These results and data from fibroblasts below suggest that the hNaa10-S37P mutation does not significantly alter protein levels of hNaa10 or other NatA components.
Primary fibroblasts isolated from one of the Ogden-affected males (III-6) and control BJ fibroblasts were immortalized in parallel by ectopically expressing the catalytic subunit of human telomerase (hTERT) (46, 47) . These are referred to as WT-hTERT for the BJ control cells and S37P-hTERT for the hNaa10-S37P-expressing cells (III-6 cells). A subcellular localization study of hNaa10 and hNaa15 by immunofluorescence demonstrated a similar and predominant cytoplasmic staining pattern for both WT and mutant protein and no obvious localization differences between WT-and S37P-hTERT were observed (Fig. 3D) . Thus, neither the levels nor the subcellular localization of hNaa10 appear to be affected by the S37P mutation.
Ogden syndrome fibroblasts display altered proliferation, growth and migration
We further performed phenotypic analyses of the Naa10-S37P cells. S37P-hTERT cells displayed a significantly increased cell size compared with the control cell line (Fig. 4A) . In dense cultures, it was also evident that S37P-hTERT cells packed differently compared with control cells and started to grow on top of each other (Fig. 4B) . In analogy to cancer cell lines, these findings suggest a partial loss of cell-to-cell contact inhibition when they reach confluence. These data are supported by cell cycle analyses (fluorescence-activated cell sorting, FACS) that show that at least 9% of S37P-hTERT cells continue to proliferate when in dense culture, while WT-hTERT cells enter the G0 phase (Supplementary Material, Fig. S7 ). The migration capacity was assessed by a wound-healing assay where cells were inspected every 15 min for a total of 48 h ( Fig. 4C; Supplementary Material, Fig. S8 ). S37P-hTERT cells were impaired in their motility both in normal growth medium and particularly when culturing cells in poor medium (medium lacking either serum or -glutamine). Importantly, when overexpressing hNaa10-WT in S37P-hTERT cells, a partially rescued migration potential was observed. Furthermore, cell proliferation assays with cells seeded at different densities all showed a significantly reduced growth rate for S37P-hTERT cells when compared with WT-hTERT cells (Fig. 4D) . Notably, decreased growth rate and proliferation of Ogden cells were also confirmed for primary WT and Ogden S37P fibroblasts (III-6; Supplementary Material, Fig. S9) . A WST-8 viability assay (Fig. 4E) demonstrated that the S37P-hTERT cells were less viable when cultured dispersed (1000 cells per well in a 96-well tray). However, the WST-8 assay also revealed that the S37P-hTERT cells were metabolically more active when kept in a dense culture. Selected markers for pathways linked to Naa10's function revealed that Ogden syndrome fibroblasts have higher levels of Retinoblastoma 1 (Rb1), a known negative regulator of the cell cycle ( Fig. 4F) (48) (49) (50) . Myosin light chain kinase (MYLK), and thereby cell motility, was previously shown to be positively regulated by hNaa10 by a direct interaction (51) . Here, we were not able to demonstrate an interaction between hNaa10 and MYLK in either WT-or S37P-hTERT cells (Supplementary Material, Fig. S10 ). Rb1 was previously found to be affected in specific thyroid cancer cells upon hNAA10 depletion (52) . Other pathways, including cyclin D1/ β-catenin, TSC2/mTOR/pS6K1 and β-PIX (ARHGEF7) (53-55) did not appear to be perturbed in S37P-hTERT cells ( Fig. 4F ; Supplementary Material, Fig. S10 ). Summarizing this part, Ogden syndrome fibroblasts display an altered morphology, growth and migration pattern and are more sensitive towards stressed conditions, a phenotype that was partially rescued upon overexpressing hNaa10-WT in S37P-hTERT cells (Fig. 4C ).
hNaa10-S37P impairs NatA complex formation and intrinsic NatA catalytic activity
The structural modeling and MD simulations suggested that NatA (hNaa10-hNaa15) complex formation could be negatively affected by the hNaa10-S37P mutant. This was investigated by co-expression of hNaa15-myc and hNaa10-V5 or hNaa10-S37P-V5 followed by co-immunoprecipitation from HEK293 cells. It was evident that NatA complex formation was impaired when expressing hNaa10-S37P-V5 when compared with hNaa10-V5 (Fig. 5A ). This finding was confirmed in co-immunoprecipitation studies detecting endogenous proteins (Fig. 5B, left panel) . We also showed that complex formation of hNaa10 with hNaa50 was reduced in the context of NatA-S37P mutant (Fig. 5B, right  panel) . In order to study complex formation of endogenous NatA and NatA-S37P complexes, lysates of WT-and S37P-hTERT cells were subjected to immunoprecipitation using anti-hNaa10 or anti-hNaa15. The NatA complex was detectable in both cell types, but the ability of hNaa10-S37P to interact with hNaa15 was significantly reduced (Fig. 5C ). As the in vitro kinetic studies suggested that hNaa10-S37P is catalytically impaired, we also assessed the in vitro NAT activity of the endogenous hNaa10 in complex with hNaa15. NatA complexes were immunoprecipitated from WT-and S37P-hTERT cell lysates, and the absolute catalytic activity of NatA-S37P was measured. As expected, NatA-S37P activity towards the SESS-starting substrate oligopeptide was significantly reduced when compared with NatA-WT when correlating the amount of hNaa15 present in each sample (NAT activity per hNaa15 molecule; Fig. 5D , left). When correlating the amount of hNaa10 (NAT activity per hNaa10 molecule; Fig. 5D , right) an ∼10-fold reduction was measured. Combined, these results suggest that hNaa10-S37P is partially defective in both its ability to bind hNaa15 and in its catalytic activity.
Reduced protein N-terminal acetylation levels in B cells and fibroblasts derived from males with Ogden syndrome N-Terminal-combined fractional diagonal chromatography (COFRADIC) has previously been used to quantify the degree and define the patterns of in vivo protein Nt-acetylation (1, 5, 56) and was here used to investigate whether patient cells derived from affected males or female carriers displayed altered levels of protein Nt-acetylation at the proteome-wide level. By in vitro labeling with Representative MS-spectra of a classical NatA-type substrate, an Ala-starting N-terminal peptide from the translational activator GCN1 (A 2 ADTQVSETLKR 13 ) (Fig. 6A ) and of a possible NatE substrate, the Met-Leu-starting N-terminal peptide of the Kinesin-like protein (M 1 LGAPDESSVR 11 ) (Fig. 6B) , are shown for an Ogden syndrome male (III-4, hNaa10-S37P) and his brother (III-2, hNaa10-WT) and a reduced degree of Nt-acetylation is in both cases clearly visible (Supplementary Material, Fig. S11 and Tables S2-S4; Table 1 ). These peptides were found to be Ntacetylated between 50 and 54% in the proteomes of B cells derived from two males with Ogden syndrome in comparison with 77-86% in the proteomes of unaffected individuals, thus showing a reduced degree of Nt-acetylation of 28 and 25% on average, respectively (Supplementary Material, Table S2 ). Further, all affected N-termini display a reduced degree of Ntacetylation in the proteomes of B cells derived from males with Ogden syndrome when compared with unaffected individuals. Overall, N-terminomics demonstrated reduced N-terminal acetylation of classical NatA-type substrates, as well as some NatE-type substrates for Ogden syndrome affected individuals.
Differential N-terminal COFRADIC analyses were also performed to check the protein Nt-acetylation states in fibroblasts carrying the S37P mutation. WT, WT-hTERT, S37P and S37P-hTERT fibroblasts were stable-isotope labeling by amino acids in cell culture (SILAC) labeled and their N-terminomes were compared, assaying the corresponding wild-type and mutant cell lines alongside. The distribution of N-terminal peptides based on their Nt-acetylation status and their known/predicted Natsubstrate class in the proteomes of these fibroblasts is shown in Figure 7A . The overall degree of Nt-acetylation (82%) and the Nattype distribution of identified protein N termini in the fibroblast proteomes showed a clear resemblance to the B-cell proteomes (Supplementary Material, Table S2 ) as well as to earlier studies in human cancer cells (1, 5) . About 57% of the N-terminome consists of typical NatA-type peptides, 20% NatB substrates, 5% NatC/NatE or NatF substrates, while 18% was Nt-free (Fig. 7A) . The latter group included peptides with Pro at Position 1 or 2, known as Nt-free N termini (3), and additionally hold N termini from other Nat-type classes with <2% Nt-acetylation in vivo. As for the B cells, N-terminal proteomics revealed a reduced N-terminal acetylation of classical/predicted NatA-type substrates, both in primary and hTERT-immortalized S37P fibroblasts (Fig. 7A-E and Table 1; Supplementary Material, Tables  S6 and S7 ). Representative MS-spectra of N-termini displaying immunoprecipitation of transfected HEK293 cells with endogenous Naa15 (left) or Naa50 (right). ** heavy and * light chain of precipitating antibody. (C) Endogenous hNatA was immunoprecipitated from WT-and S37P-hTERT fibroblasts using either anti-hNaa10 or anti-hNaa15 and analyzed by western blotting using anti-hNaa15 or anti-hNaa10. β-Tubulin levels indicate equal input. Lysates (Lanes 1 and 2) show equal amount of the hNaa10 and hNaa15 proteins at the start. (D) hNatA and hNatA-S37P was immunoprecipitated from WT-and S37P-hTERT cell lines, respectively, with anti-hNaa15 and used for NAT-activity measurements towards the substrate polypeptide SESS. The amount of hNaa10 and hNaa15 present in each sample was determined by western blotting and densitometry analysis by the use of ImageLab v3.0. Activity measurements were correlated to band intensities to show relative product formation (activity) per hNaa10 or hNaa15 molecule present in each sample. hNatA activity was set to 1 and hNatA S37P activity was calculated relative to this. All data shown are representative of three independent experiments. an ∼30 or ∼40% difference in their Nt-acetylation status in S37P cells when compared with control WT primary cells as well as hTERT cells are shown for the Ser-starting dolichyl-diphosphooligosaccharide-protein glycosyltransferase subunit (DAD1) and the Ala-starting mitochondrial ribosomal protein L15 (MRPL15) (Fig. 7B-E) . No major differences in Nt-acetylation levels were observed between primary and hTERT-immortalized cells (Supplementary Material, Table S6 ).
Overall, in B cells as well as in fibroblasts, a fraction of the N-terminal acetylome was affected by the hNaa10-S37P mutation, and the affected N termini mostly represented classical NatA substrates and some putative NatE substrates (Figs 6 and  7 and Table 1; Supplementary Material, Table S4 ), the latter consistent with the reduced hNaa10 interaction demonstrated above with hNaa50 (Fig. 5) .
Characterization of hNaa10-S37P-affected Nt-acetylation substrates, including THOC7
In order to determine whether the substrates affected in their Nt-acetylation status in hNaa10-S37P cells depended on their Nt-acetylation for protein stability, we selected seven substrates for in-depth investigation: THO complex subunit seven homolog (THOC7), SUMO-activating enzyme subunit 1 (SAE1), transcription elongation factor B polypeptide 3 (ELOA1), 60S ribosomal protein L13a (RL13A), OTU domain-containing protein 7B (OTU7B), NI, respective N termini were not identified; NA: respective N termini were identified, but not affected under the conditions assayed.
DAD1 and MRPL15. It is well known that mutating the second residue in a protein to proline inhibits Nt-acetylation by the NATs (28, 60) . Therefore, these candidates and their Pro mutant versions were expressed and investigated by western blotting to probe their steady-state protein levels. None of the mutant (nonacetylated) proteins displayed a significant difference when compared with their wild-type variants except for THOC7 that showed significantly lower levels when expressed as an Nt-free, proline mutant. To verify these findings, the cDNAs of THOC7 (Fig. 8A ) and SAE1 (Fig. 8B) were modified as follows; the codons for the second residue, respectively, encoding Gly (for THOC7) or Val (for SAE1) were replaced by an Ser, Pro, Val or Asp to promote full NatA-(4) (Ser-) or full NatB-(Asp-) dependent Nt-acetylation of the amino-terminus, to prevent Nt-acetylation (61) (Pro-) or to promote partial Nt-acetylation of the amino-terminus (6) (Val-). Furthermore, their degree of Nt-acetylation was determined using in-gel stable-isotope labeling (ISIL) followed by in gel-digestion and mass spectrometric analysis (62) . In line with what was expected, the N termini of THOC7-WT (96%), THOC7-G2V (21%) and SAE1-WT (19%) were found to be partially Nt-acetylated, while THOC7-G2S, THOC7-G2D and SAE1-V2S were fully Nt-acetylated and the G2P variants were Nt-free (Fig. 8) . Of note here is that only SAE1 variants with their iMet removed were detected in the setups analyzed. Overall, no notable differences in the steady-state, synthesis and degradation levels could be observed for the N-terminal SAE1 variants, while the THOC7-G2P and G2V variants displayed a decreased protein stability which was rescued upon proteasomal inhibition (Fig. 8A) . To further unravel if Nt-acetylation of THOC7 affects the protein's half-life, THOC7-V5/His variants were expressed in untreated and siNatA-treated A431 cells and a cycloheximide chase was performed. THOC7 variants were immunoprecipitated using anti-V5 antibody and their degree of Nt-acetylation determined ( Fig. 9A and B) (30, 62) . When silencing NatA (siNatA), the difference in protein half-life (t 1/2 ) increased by over 1.5-fold when comparing the THOC7-G2S and THOC7-WT chases. THOC7-G2S was fully Nt-acetylated in both setups while THOC7-WT Nt-acetylation drops from 96 to only 50% upon siNatA treatment. In fact, THOC7-WT showed a decrease in t 1/2 in the siNatA setup and approached the t 1/2 of free THOC7-G2P, indicating that a reduced degree of Nt-acetylation of THOC7, and not the N-terminal mutation introduced, is linked to the decrease in THOC7 protein half-life (Fig. 9A) . Quantification of the CHX pulse-chase data revealed a decreasing protein stability for THOC7-G2D > G2S > WT > G2P > G2V (Fig. 9B) . Figure 9C shows the sihNaa10 and sihNaa15 (siNatA) knockdown efficiency in A431 cells and revealed an NatA knockdown efficiency of ≥95%. Representative MS and MS/MS spectra for the Nt-acetylated status of THOC7-WT in siCtrl versus siNatA-treated knockdown A431 cells are shown in Figure 9D .
Discussion
Ogden syndrome is a genetic disorder with a wide variety of severe phenotypes and ultimately leads to mortality during infancy in males. The syndrome is associated thus far in two families with a single point mutation in hNAA10 creating an S37P substitution in the resulting protein. X-chromosome skewing analyses in the carrier women demonstrates skewing, consistent with either a production or an elimination defect for lymphocytes expressing the X-chromosome with the mutation in hNAA10. Consistent with this result, cell proliferation assays showed that both primary and TERT-immortalized hemizygous S37P-hTERT cells derived from one of the male infants have a reduced growth rate compared with standard control cells. One caveat is that these cell lines were non-isogenic, and as such genetic background differences could contribute to the different growth rates observed between these two fibroblast cell lines. However, the altered growth rate is in agreement with several studies in cancer cells demonstrating that loss of NatA or hNaa10 affects cell proliferation via several different pathways (35) . One of these pathways, the Rb1-pathway, was also found to be affected in the S37P-hTERT cells and could be a contributing factor to the abnormal growth observed. On the other hand, the effect of hNaa10 on cyclin D1 expression (55) as well as the interaction with TSC2 (53), both observed in cancer cells, was not affected in the Ogden syndrome fibroblasts. In contrast to the cell proliferation studies, viability assays demonstrated that S37P-hTERT cells have increased cellular metabolism when kept at high cell densities. When cultivated in dense cultures, S37P-hTERT cells appeared to grow on top of each other and in a less-polarized and more disorganized cell-sheets when compared with wild-type cells, a growth pattern reminiscent to the growth pattern of cancer cells for which cell-cell contact inhibition is lost (63, 64) . In agreement with this observation, we observed that a substantial fraction of the S37P-hTERT cells did not enter the G0 phase when kept at a high density while control cells were predominantly in the G0 phase. The very first study on Naa10 in yeast reported that Naa10 deficient cells are unable to enter the G0 phase, do not respond to the mating pheromone α-factor and are unable to sporulate which was attributed to a potential role of Naa10 in switching between the mitotic cell cycle and different cell fates (31) . Also, the fact that S37P-hTERT cells are more sensitive toward stress agrees with these findings. Cell cycle arrest is crucial for cell differentiation and determining cell fate. Failure of cells to enter the stationary phase might lead to developmental defects as tissue organization is known to require strict control of cell divisions. This partial inability of S37P-hTERT cells to enter G0 phase might contribute to the developmental defects observed for Ogden syndrome males.
We also observed that S37P-hTERT cells migrate at significantly reduced speed compared with wild-type cells, especially under nutrient-starved conditions. hNaa10 has previously been shown to negatively regulate cellular motility in cancer cells by binding and inhibiting the translocation of PIX to the cell migration machinery at the plasma membrane in an acetyltransferaseindependent manner (54). However, we were not able to confirm the PIX-hNaa10 interaction in either Naa10-WT or Naa10-S37P fibroblasts. hNaa10 has also been shown to regulate cell motility by inhibiting MYLK either directly through interaction or indirectly through acetylation of lysine residues on MYLK (51). We were unable to show a direct interaction between MYLK and hNaa10 in these fibroblasts. Cellular motility is critical for normal development (65) and a functional Naa10 is important as demonstrated by the partially rescued migration phenotype when overexpressing Naa10-WT in S37P-hTERT fibroblasts. We thus suspect that a reduced cell migration capacity in combination with reduced cell proliferation and loss of correct cell cycle progression may contribute to the Ogden syndrome at the cellular level.
Our structural modelling data based on the NatA crystal structure of S. pombe (23) revealed that the hNaa10-S37P mutation results in shortening of helix α2 thereby introducing changes in the flexibility of hNaa10 that may decrease its catalytic properties both in its NatA-or non-complexed form. Further, the changes in flexibility as well as rearrangement of hydrogen bonds in the interface between hNaa10 and the auxiliary subunit of the NatA complex, hNaa15, suggested a reduced NatA-complex stability. These hypotheses were confirmed by in vitro enzyme assays demonstrating a reduced enzymatic activity for both hNatA-S37P and hNaa10-S37P, likely caused by a reduced substrate peptide binding or release. Immunoprecipitation experiments revealed that NatA-complex formation was clearly impaired in S37P-hTERT cells. Our recently developed Ogden syndrome heterologous yeast model also presented data in line with these findings in terms of a reduced catalytic activity and a reduced ability to form an NatA complex when co-expressed with hNaa15 in yeast for hNaa10-S37P (37) .
Steady-state protein levels of hNaa10, hNaa15 and hNaa50 in B cells from various family members including Ogden syndrome males, carrier females and unaffected individuals revealed no major differences in protein levels. This indicates that reduced Figure 9 . Reduced Nt-acetylation of THOC7 leads to a decreased protein half-life. (A) THOC7-V5/HIS variants were expressed in untreated and siNatA-treated A431 cells and a cycloheximide chase was performed for 15 min, 30 min, 1 h, 2 h, 4 h and 6 h. THOC7 variants were detected by means of western blotting using anti-V5 antibodies and subjected to ISIL in order to measure their Nt-acetylation status. Actin was used as control for equal protein loading. In the Y-axis, the value of 100 corresponds with a protein half-life of 1.5 h for the longest-lived THOC7 variant; THOC7-G2D as determined by densitometric analyses (B) shows the quantification of the protein half-life in the control cells while (C) shows a western blot to demonstrate efficient knockdown of hNaa10 and hNaa15 (siNatA) in A431 cells using siNatA mediated knockdown.
GAPDH was used as a control for protein loading. A combined CID/HCD MS/MS spectrum of the Nt-acetylated N terminus of THOC7-WT is shown with b and y fragment ions indicated in (D). The CID spectrum was used for identification of the peptide (G2AVTDDEVIR11) and was acquired during the acquisition of the HCD spectrum of the same precursor.
complex formation does not influence the steady-state protein levels of hNaa10 or hNaa15. In contrast, hNaa10 level seems to depend on complex formation with hNaa15 in cancer cells lines (66) . Fluorescence microscopy studies demonstrated that the hNaa10-S37P mutation did not influence the subcellular localization of hNaa10 or hNaa15. Both hNaa10-WT and hNaa10-S37P were cytosolic, in contrast to what has been described in cancer and other cell lines previously, where hNaa10 is both localized to and performs functions in cytosol and nucleus (21) . The bulk of the evidence shows that hNaa10 mainly performs cytosolic functions in normal cells, suggesting that Ogden syndrome is caused by an impaired cytosolic function of hNaa10-S37P, most likely involving co-translational Nt-acetylation. Indeed, N-terminal COFRADIC analysis of WT and hNaa10-S37P fibroblasts and B-cells revealed a significantly reduced degree of Nt-acetylation of certain NatA/NatE-type substrate N termini in Naa10-S37P cells. Again, this is in agreement with the abovementioned Ogden syndrome yeast model; yeast cells expressing mutant hNatA displayed a reduced degree of Nt-acetylation among a large group of NatA substrates when compared with yeast expressing wild-type hNatA (37) .
The substantial loss of NatA-complex formation in cells expressing hNaa10-S37P in addition to the reduced catalytic activity toward classical NatA substrates appears sufficient to impact the Nt-acetylome. The impairment of in vivo NAT activity in hNaa10-S37P cells toward classical NatA substrates is clearly reflected in the COFRADIC datasets of B cells and fibroblasts from the Ogden-affected males. Here, mostly, NatA-type substrate N-termini displayed a reduced degree of Nt-acetylation, which is strongly reminiscent to the observations made in a previous NatA knockdown study (1) . Several of the specific NatA substrates previously identified by means of siNatA knockdown were also identified here. The in vitro enzyme assays suggest that hNaa10-S37P has a decreased catalytic activity both for classical NatA substrates (Ser-, Ala-, etc.) and acidic N termini (Glu-, Asp-), the latter posttranslationally acetylated by monomeric hNaa10. However, mainly, classical NatA substrates were found to be affected in their degree of Nt-acetylation in our proteomic analyses in vivo. Earlier studies have suggested that primarily suboptimal substrates are affected by NatA or NatB knockdown, leaving the most preferred substrates unaffected in their Nt-acetylation states (1, 56) . Furthermore, as described previously, hNaa10 was also found in non-polysomal fractions in a monomeric form, indicating that it might function outside the NatA complex (28) . This, together with our finding that the S37P mutation affects NatA-complex formation, indicating increased monomeric hNaa10-S37P availability, could counteract hNaa10's putatively reduced activity toward acidic N termini. We therefore hypothesize that Ogden syndrome is mainly caused by loss of NatA activity, and not by loss of NatA-independent hNaa10 activities such as the posttranslational Nt-acetylation of actin (28) . A small subset of the affected N termini in the COFRADIC datasets represents non-NatA-type substrates and rather hints to NatE substrates. This is consistent with the immunoprecipitation results showing that there is less mutant hNaa10 interacting with hNaa15 and hNaa50 (NatE), although it is not clear if there is direct or indirect binding of hNaa50 to hNaa15 and/or hNaa10.
Several of the S37P-affected substrate N termini here identified by means of positional proteomics were chosen for further in depth analyses as they displayed an overall Nt-acetylation reduction between 10 and 40%. No observable changes in steady-state protein levels could be observed for six of the seven candidates tested. For THOC7, however, which is a component of the THO complex (67,68), a multi-protein complex implicated in the coupling of transcription and mRNA processing, a decrease in protein half-life could be observed. Here, the observed proteasomal-dependent decrease in protein half-life of THOC7 correlated with decreased Nt-acetylation, suggesting that the acetyl group confers stability to THOC7.
In conclusion, we present data supporting our hypothesis that a major contributing factor to Ogden syndrome is loss of Ntacetylation of specific NatA-and NatE-type substrates due to reduced catalytic activity, reduced NatA-complex formation, and reduced interaction with hNaa50. Our cellular studies suggest that S37P-hTERT cells have reduced cell proliferation via perturbation of the Rb1-pathway and are dysregulated in terms of cellcell contact inhibition and migration, possibly accounting for the detrimental effect of hNaa10-S37P observed in males suffering from Ogden syndrome.
Materials and Methods

Homology modeling
The homology model of the human NatA WT complex was built with Modeller version 9.8 (69) using the NatA complex of S. pombe as a template. The sequence identity between the target and the template is ∼67 and 37% for the subunits Naa10 and Naa15, respectively (Supplementary Material, Fig. S1 ). The NatA-S37P complex was designed from the human WT NatA model using SCWRL instead of Modeller, in order to have starting structures as similar as possible as to avoid bias in comparison between the wild-type and mutant NatA complex.
MD simulations and trajectory analysis
The systems were prepared and simulated as for hNaa50 and as described by Grauffel et al. (41) , with some differences due mostly to the size of the systems. Briefly (see details in Supplementary Material), the complexes were solvated in larger cubic boxes (120 Å-long edges). We ran long simulations (100 ns) at a temperature of 300 K using the NAMD program (70) and the CHARMM27 force field (61). The system was subjected to energy minimization, followed by a gradual heating and by a 1 ns equilibration phase during which velocities were reassigned every picosecond. The production phase consisted of a 100 ns simulation in the NPT ensemble, with a time step of 1 fs. Two simulations (replicas) using a different set of initial velocities were conducted for each system.
An extensive study of the interactions between the two subunits was conducted by using free energy decompositions and by monitoring intermolecular hydrogen bonds. All analyses were performed on the last 80 ns of simulation. They were subsequently divided into four windows of 20 ns each. Hydrogen bonds were defined using a 2.4 Å distance criterion between hydrogen and acceptor, and a 130°donor-hydrogen-acceptor angle criterion. For the analysis of atomic fluctuations, the main 20 ns long analysis windows were divided into 40 windows. Fluctuations were computed on each of these 500 ps windows using the corresponding average structure. Fluctuations are considered different when two or more consecutive residues have an increase or decrease of fluctuations >10%. The protocol used to obtain the energetic contributions of all amino acids to the formation of the complexes is based on the MM/PBSA approach (71) . Briefly, 25 representative conformations are extracted at regular intervals from 20 ns-long segments of the trajectory. Van der Waals interactions and non-polar contributions are evaluated with CHARMM using Lennard-Jones potential and solvent accessible surface area analysis, respectively. Electrostatics is evaluated using the program UHBD (72) . These decompositions are performed at the backbone/side chain level in order to get more insights into interactions. The reported binding energies are averages over eight 20 ns-long segments.
Sample collection
The sample collection for blood (B cells), fibroblasts and cell line creation was approved by the institutional review board at the University of Utah. Written informed consent was obtained from the Ogden syndrome family for all sample collections. Deidentified aliquots of cell lines were distributed for use in the experiments described.
Materials and antibodies
Antibodies used in this study were anti-hNaa10 (anti-hARD1) (21), anti-hNaa15 (anti-NATH) (21), anti-hNaa50 (Biogenes, custom-made rabbit IgG toward amino acid 150-163 of hNaa50), rabbit anti-Naa50 (LifeSpan BioSciences, #LS-C81324-100), anti-V5 (Life Technologies; R960-25), anti-Myc (Life Technologies; R950-25), anti-tuberin (TSC2, Santa Cruz Biotechnologies; sc-893), anti-β-PIX (ARHGEF7, Santa Cruz Biotechnologies; sc-10932), anti-MYLK (Santa Cruz Biotechnologies; sc-9452), anti-pS6K1 ( phosphoThr389, Cell Signaling; 9234), anti-Rb (Cell Signaling; 9309), anti-Cyclin E2 (Cell Signaling; 4132), anti-p21( p21(SX118) Cip1, Santa Cruz Biotechnologies; sc-53870), anti-p27 ( p27Kip1, Santa Cruz Biotechnologies; sc-53871, anti-β-tubulin (SigmaAldrich; T5293), anti-GAPDH (Santa Cruz; sc-25778, Abcam; Ab 8245) and anti-actin (Santa Cruz Biotechnologies; SC1615, Sigma-Aldrich; A2066). The secondary antibodies used for western blot visualization of the primary antibodies were HRP-linked sheep anti-mouse, sheep anti-rabbit (GE Healthcare; NXA931), donkey anti-rabbit (GE Healthcare; NA934V) and mouse antigoat (Santa Cruz Biotechnologies; sc-2354) antibodies next to the infrared dye coupled antibodies; IRDye 800 CW goat antirabbit IgG (Westburg, LI-COR; 926-32211), IRDye 680 CW goat anti-rabbit IgG (Westburg, LI-COR; 926-32221) or IRDye 680 CW goat anti-mouse antibody IgG (Westburg, LI-COR; 926-32220) and IRDye 800 CW goat anti-mouse antibody IgG (Westburg, LI-COR; 926-32210) as indicated in the figures and method text.
Cell culture, virus production and cell treatment
Primary B cells were isolated from Ogden patients, EBV immortalized at the University of Utah core facility, and cultured in HyClone Roswell Park Memorial Institute 1640 supplemented with 15% fetal calf serum and 3% -glutamine. Primary BJ cells [American type culture collection (ATCC), CRL-2522], isolated from newborn male foreskin, primary dermal fibroblasts, neonatal (HDFn; Life Technologies; C-004-5C) and primary S37P fibroblasts (III-6) from a skin-punch biopsy, isolated at the University of Utah were cultured in Eagle's minimal essential medium (EMEM) supplemented with 10% fetal bovine serum (FBS) and 3% -glutamine. 293T (Phoenix amphotropic, ATCC; CRL-3213) and HeLa (ATCC; CCL-2) cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and 3% -glutamine. Human A431 cells (epidermoid carcinoma; ATCC; CRL1555) were cultured in Glutamax-containing DMEM supplemented with 10% dialyzed FBS (Invitrogen), 100 units/ml penicillin (Invitrogen) and 100 µg/ml streptomycin (Invitrogen). Cells were cultured at 37°C in a humidified atmosphere with 5% CO 2 .
Replication defective virus was produced by transfecting 293T cells with pMIGR1-hTERT and pCMV-VSVG and harvested 48 h posttransfection at 500 g for 5 min. The virus suspension was filtered through a 0.45 µm filter before 5 µg/ml protamine sulfate was added. Primary fibroblasts (BJ and S37P) were infected with virus representing hTERT for 12 h before supernatant was removed and cells washed with phosphate-buffered saline (PBS) and culture medium. The cells were cultured for at least 10 days and two cell cultivations before hTERT-(GFP) positive cells were sorted by FACS by use of FACS Aria.
To inhibit proteasomal-mediated degradation of expressed proteins, 5 µ MG132 (Calbiochem; 4747490) was added to transiently transfected cells for the indicated time-points before lysis. To inhibit protein synthesis and study stability of expressed proteins a chase with 50 µg/ml cycloheximide (Sigma-Aldrich; C6255) was performed for 15 min, 30 min, 1 h, 2 h, 4 h and 6 h. After drug treatment, cell lysates were prepared and analyzed by western blotting as described below.
X-chromosome skewing assay
The X-inactivation pattern of female mutation carriers and noncarriers from the Utah family was determined by analyzing the methylation sites in the first exon of the human androgen receptor locus as described previously (73) . Briefly, genomic DNA was isolated from leucocytes and PCR with gene-specific and fluorescently labeled primers was performed. Digested and undigested products were analyzed by capillary electrophoresis and peak areas were determined to quantify the skewing patterns. All experiments were performed at least in duplicate and results were averaged.
Since this assay is quantitative but does not provide information which Naa10 allele is inactivated, an NAA10 mutationspecific X-inactivation assay was performed. For this assay, 375 ng of genomic DNA from each of four female carriers of the c.109T > C ( p.S37P) mutation and two wild-type females was digested in a 10 µl volume with the methylation-sensitive restriction endonuclease SmaI (New England BioLabs) for 3 h at 25°C, followed by heat inactivation at 65°C for 30 min. Primers were designed to amplify a 653 bp PCR product that encompassed the c.109T > C ( p.S37P) mutation in exon 2 of NAA10 and an SmaI site (chrX:153200324-153200329 [hg19]) in an adjacent CpG island (forward: GCAGCTGACTGCGCCTTCAC; reverse: TCCCTCCAA GATGGCCAGATG). PCR was performed in a 10 µl volume using the FailSafe™ PCR System and PreMix J (Epicentre ® [an Illumina
® company]) with 2 µl of uncleaned, digested DNA as template. The reactions were denatured at 94°C for 1 min, then 35 cycles of 94°C for 15 s, 62°C for 10 s and 72°C for 1 min were performed. Sanger sequencing of the amplified products was completed using standard methods. Since the PCR product does not amplify from DNA that has been cut by SmaI (unmethylated DNA), skewed X-inactivation is seen as apparent loss of heterozygosity of the p.S37P mutation and other variants within the sequenced amplicon.
Immunoblotting B cells and fibroblasts were harvested, washed two times in cold PBS and lysed by incubation in IPH lysis buffer (50 m Tris-HCl, pH 8.0, 0.5% Nonidet P-40, 5 m EDTA and EDTA-free protease inhibitor) on ice for 15 min. Cellular debris was pelleted at 15 700g for 1 min. Sample-loading buffer was added to the lysate supernatant and proteins were separated by SDS-PAGE using Tris-glycine or polyacrylamide Criterion XT-gels (Bio-Rad). Subsequently, proteins were transferred onto a nitrocellulose or PVDF membrane. Membranes were blocked with 5% non-fat dry-milk (Regilait) or 1 : 1 Tris-buffered saline and 0.1% Tween-20 (TBS-T) Odyssey Blocking solution (LI-COR; 927-40003) before incubation with antibodies as mentioned in Materials and antibodies. Bands were visualized using a ChemiDoc™ XRS+ and ImageLab v3.0 or Odyssey infrared imaging system (LI-COR).
Immunofluorescence assay
Fibroblasts cultured on coverslips were washed in cytoskeleton buffer (134 m NaCl, 5 m KCL, 1.1 m Na 2 HPO 2 ·2H 2 O, 0.4 m KH 2 PO 4 , 5.5 m glucose, 4 m NaHCO 3 , 10 m MES, pH 6.1, 2 m EGTA, 2 m MgCl 2 ) and fixed with 4% paraformaldehyde. Cells were permeabilized in 0.1% Triton X-100 and blocked in 1-10% BSA before the proteins of interest were labeled with the indicated primary antibodies. Secondary antibodies used were Alexa Fluor 488 or 594. Micrographs were acquired using a Leica TCS SP5 multiphoton confocal microscopy. Z-stacks and Z-stack projections were handled using Fiji Image Processing Software.
Protein expression and purification
Plasmids-encoding recombinant His-tagged MBP-hNaa10-WT and MBP-hNaa10-S37P were transformed into E. coli BL21 star (DE3) cells by heat shock transformation, and grown in 200 ml cultures to an OD 600 nm of 0.6. Cell cultures were cooled down to 16°C and protein expression was induced by adding 1 m of IPTG. Cell cultures were incubated for 14 h, harvested in 100 ml pellets and stored at −20°C. Pellets were dissolved in lysis buffer (50 m Tris-HCl, pH 7.4, 300 m NaCl, 2 m DTT and EDTA-free protease inhibitor) and cells lysed in a French press. Cell debris was removed by centrifugation at 17 000 g at 4°C for 20 min. Recombinant proteins were purified by Immobilized Metal Affinity Chromatography and size-exclusion chromatography (Superdex 200 10/300). Fractions were analyzed by SDS-PAGE, and protein concentrations determined by OD 280 measurements (Nanodrop1000) and Bradford assay (Bio-Rad).
Quantitative in vitro acetylation assay and determination of kinetic constants
Purified recombinant MBP-tagged enzymes were mixed with Acetyl-CoA (10-500 μ) and synthetic oligopeptides (10-1000 μ) and incubated in acetylation buffer (50 m Tris-HCl, pH 8.5, 1 m EDTA, 10% glycerol) for 10 min at 37°C. Reactions were stopped by adding a final concentration of 1% trifluoroacetic acid (TFA) to the mixture. Peptides were custom-made (Biogenes) to a purity of 80-95%. All peptides (24-mers) contain seven unique amino acids at their N-terminus, as these harbor the major substrate determinants influencing N-terminal acetylation. The next 17 amino acids are essentially identical to the ACTH peptide sequence (RWGRPVGRRRR PVRVYP); however, lysines were replaced by arginines to minimize any potential interference by N Creation of eukaryotic expression plasmids using gateway cloning pOTB7 and pCMV-SPORT6 vectors (THOC7: cat n°IRATp970D0486D, SAE1: cat n°IRATp970D0613D, OTU7B: cat n°IRATp970D03105D; ELOA1: cat n°IRAUp969E1025D; RL13A: IRAUp969D105D, RZPD Imagenes) served as templates to generate attB-flanked PCR products of WT constructs next to a series of N-terminal mutants where the second amino acid was replaced to Ser, Val, Pro or Asp. These PCR products were suitable for use in a Gateway ® BP recombination reaction with a donor vector (pDONR221, Invitrogen; 12536-017) thereby creating an entry clone. The reverse primers were designed to fuse the desired PCR products in frame with a C-terminal V5/His-tag. To create the expression constructs, the cDNA inserts of the entry clones were shuttled into the pEF-DEST51 destination vector (Invitrogen; 12285-011) using LR-clonase recombination (Invitrogen; 11791-020) according to the manufacturer's instructions. The correctness of all cDNA sequences generated was confirmed by DNA-sequencing. All constructs were C-terminally V5-/His tagged. Transient transfections of A431 cells were performed and cells were treated with the proteasomal inhibitor MG132 or treated with the translation inhibitor cycloheximide. The tagged proteins were detected by means of western blotting using anti-V5 antibodies or subjected to immunoprecipitation coupled to ISIL for downstream mass spectrometrybased analyses of their Nt-acetylation status (30, 62) .
Transfection of constructs encoding N-terminal variants of hNaa10-S37P-affected substrates Determination of the Nt-acetylation status using ISIL followed by in-gel digestion siCtrl and siNatA knockdown cell lysates were prepared as described above and the samples were analyzed on a 4-16% gradient XT precast Criterion gel using XT-MOPS buffer (Bio-Rad). Gel slices corresponding to the molecular weights (∼29 kDa) of the tagged THOC7 variants (between 25 and 37 kDa) were cut from the gel and ISIL was performed as described previously (62) . The resulting peptide mixtures were acidified (0.1% formic acid) and analyzed by LC-MS/MS analysis. Peptide mixtures were introduced into an Ultimate 3000 RSLC nano LC-MS/MS system (Dionex, Amsterdam, The Netherlands) in-line connected to an LTQ Orbitrap Velos (Thermo Fisher Scientific, Bremen, Germany) as described previously (30) . When operating the instrument in Higher Energy Collision Dissociation (HCD), spectra were acquired in the Orbitrap with an effective FWHM resolution >7500 around m/z 400. The extent of Nt-acetylation was calculated from the peptide ion signals observed in the MS spectra (5).
NatA knockdown and THOC7 transgene expression siRNA transfections were performed using HiPerFect (Qiagen) and 20 n si-non-targeting control (Dharmacon; D-001810-10) or a pool of 10 n sihNAA10 (Dharmacon, SMARTpool siGENOME NAA10 siRNA; M-009606-00-0005) and 10 n sihNAA15 (custom oligonucleotide, GGGACCUUUCCUUACUACAdTdT). For the siRNA transfections, 2.5 × 10 5 A431 cells were seeded in 6-well plated and reverse transfected. During the time-course of the experiment, the pan-caspase inhibitor zVAD-fmk was added to the cells to a final concentration of 10 µ and replenished after each transfection step. Cells were re-transfected under the same conditions 48 h after the first transfection. At 72 h, the cells were transiently transfected for 24 h with the eukaryotic THOC7 expression constructs using Fugene HD (as described above). At 96 h, cells were subjected to a CHX chase for 15 min, 30 min, 1 h, 2 h, 4 h and 6 h and harvested (as described above). Cell lysates were analyzed by western blotting.
N-Terminal COFRADIC, LC-MS/MS analysis and data storage
N-Terminal COFRADIC analyses were performed as described previously (74) . To enable the assignment of in vivo Nt-acetylation events, all primary protein amines were blocked making use of (stable isotopic encoded) an N-hydroxysuccinimide ester at the protein level (i.e. NHS ester of 13 C 2 D 3) . The obtained peptide mixtures were introduced into an LC-MS/MS system, the Ultimate 3000 (Dionex, Amsterdam, The Netherlands) in-line connected to an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific) and LC-MS/MS analysis was performed as described previously (1, 5) . The generated MS/MS peak lists were searched with Mascot using the Mascot Daemon interface (version 2.2.0, Matrix Science). Searches were performed in the Swiss-Prot database with taxonomy set to human.
13 C 2 D 3 -acetylation of lysine side chains, carbamidomethylation of cysteine and methionine oxidation to methionine-sulfoxide were set as fixed modifications for the N-terminal COFRADIC analyses. Variable modifications were 13 C 2 D 3 -acetylation and acetylation of protein N termini.
Pyroglutamate formation of N-terminal glutamine was additionally set as a variable modification. For the differential N-terminal COFRADIC analyses performed (fibroblast samples), a 12 C 6 -arginine versus 13 C 6 15 N 4 -arginine quantification option was additionally selected for identification and quantification, and carried out using the Mascot Distiller Quantitation Tool (version 2.2.1). Mass tolerance on precursor ions was set to 10 ppm (with Mascot's C13 option set to 1) and on fragment ions to 0.5 Da. Endoproteinase semi-Arg-C/P (Arg-C specificity with arginineproline cleavage allowed) was set as enzyme allowing no missed cleavages. The peptide charge was set to 1+, 2+, 3+ and instrument setting was put to ESI-TRAP. Only peptides that were ranked 1 and scored above the threshold score, set at 99% confidence, were withheld. Quantification of the degree of Nt-acetylation was performed as described previously (5) . In all cases, two isotopic envelopes could clearly be distinguished [i.e. those of the in vivo acetylated (Ac) and in vitro acetylated forms ( 13 C 2 D 3 )]. All data management were done in ms_lims (75) .
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral. proteomexchange.org) via the PRIDE partner repository with the dataset identifier PXD000551 and 10.6019/PXD000551 and PRIDE accessions 31944-31957 for the B cells and the dataset identifier PXD001282 and 10.6019/PXD001282 for the fibroblasts.
Metabolic SILAC of fibroblasts
Primary and immortalized fibroblasts were cultured in MEM SILAC growth medium supplemented with 10% dialyzed FBS and either natural 12 C 6 --arginine (Sigma-Aldrich; A8094) for BJ control cells (WT or WT-hTERT cells) or 13 C 6 15 N 4 --arginine (Sigma-Aldrich; 608033) for hNaa10-S37P cells (S37P or S37P-hTERT cells) at a concentration of 37.8 mg/l (i.e. 30% of the suggested concentration present in EMEM at which arginine to proline conversion was not detectable for S37P fibroblasts). Cells were cultured for at least six population doublings (14 days) to ensure complete incorporation of the labeled arginine. All free N termini were in vitro labeled by 13 C 2 D 3 -acetylation and this labeling combined with differential -arginine SILAC allows for the calculation of the degree of Nt-acetylation and for the relative quantification of N-terminal peptides between two samples (5,56,60). Cells ) were lysed in 50 m sodium phosphate (pH 7.5), 100 m NaCl, 1% CHAPS, 0.5 m EDTA and 0.5 × complete protease inhibitor cocktail (Roche) for 15 min one ice and centrifuged for 3 min at 16 000 g at 4°C, protein concentrations measured and equal amounts of control and S37P cell lysate mixed together before the lysates were subjected to N-terminal COFRADIC analysis and LC-MS/MS analysis as previously described (74) .
Cell proliferation and WST-8 metabolic activity
The proliferation and cell counting assay was performed by seeding 65 000 WT-and S37P-hTERT fibroblasts into a 6 cm Nunc dish and the cells counted 1 week later. All cell seeding density proliferation assays were performed at least in triplicate. Primary fibroblasts, 2 × 10 4 , HDFn (hNaa10-WT) and one Ogden boy (S37P; III-6), at Passage 4 were plated in each well of two 12-well plates, and left overnight to adhere. The cells were harvested and counted every day for 7 days. For the WST-8 assay, WT-and S37P-hTERT fibroblasts were counted and seeded into 96-well plates with 1000, 5000 or 10 000 cells/well. Cell counting was done with the TC10 tm Automated Cell Counter. Cell medium was changed every 24 h. Five days later, the cells were incubated with CCVK-1 solution in a 1/100 dilution in cell medium. After 1 h incubation, the absorbance was measured at 450 nm with an Epoch Microplate Spectrophotometer. This was done according to the manufacturer's instructions (Colometric Cell Viability Kit I, cat.no PK-CA705-CK04, PromoKine) and absorbance measured at 450 nm with an Epoch Microplate Spectrophotometer. The increase in cell viability was expressed as the ratio of absorbance (S37P-hTERT) versus absorbance (WT-hTERT) multiplied by 100 [(abs S37P-hTERT/abs WT-hTERT) × 100]. The absorbance of WT-hTERT was assumed to represent 100% viability. The data for quantification of the cell viability of WT-and S37P-hTERT are shown as the mean of at least three independent experiments, each with at least three technical replicates for each measurement. The P-values were calculated using paired t-tests.
BrdU cell proliferation assay of primary fibroblasts
Primary hNaa10-WT fibroblasts (HDFn), 5 × 10 4 and one Ogden boy (S37P; III-6) at passage 4 were plated in 12-well plates on glass coverslips coated with matrigel (Corning; 354230). To measure BrdU incorporation, the cells were incubated for 5 h with BrdU label (Millipore; QIA58, 1 : 2000) at 46 h after seeding, then fixed with 3.7% paraformaldehyde for 15 min at room temperature, washed in PBS, treated with 0.07 N NaOH for 15 min at room temperature, and blocked in 10% goat serum, 1% BSA and 0.3% Triton X-100 for 15 min at room temperature before staining. The cells were then stained with a BrdU antibody (1 : 100) for 1 h at room temperature, washed and incubated with secondary antibody (AlexaFluor goat anti-mouse 488, Life Technologies; A-11029, 1 : 1000) for 1 h at room temperature. Hoechst 33 342 was used as a nuclear stain (Molecular Probes, Life Technologies; R37605). Quantitative analysis was performed by counting, for each cell types, the percentage of BrdU-positive nuclei on a total of ∼1000 cells, randomly observed in 15 microscopic fields from WT fibroblasts and 22 microscopic fields from S37P fibroblasts.
Wound-healing (migration) assay
Fibroblasts were cultivated to a high density in wells of culture inserts (Ibidi) for live cell analysis. Culture inserts were removed at time 0 indicating that the start of the cell migration/woundhealing assay and growth medium was replaced either with new medium containing FBS and -glutamine or -glutamine containing medium without FBS or with media without both FBS and -glutamine. Pictures were taken every 15 min for 48 h and a time-lapse video was generated by 10 pictures/s.
Cell cycle analysis
Fibroblasts were washed, harvested by trypsination and cells counted. Equal amount of cells (≥3 × 10 6 cells) were fixed with 70% ethanol at 4°C overnight. Cells were washed with 1× PBS before treatment with heat-activated RNase A (300 µg/µl) at 37°C for 30 min followed by propidium staining (300 µg/µl) for 5 min and two washes. Samples were analyzed by use of BD LSR Fortessa and further processed by FlowJo.
